/ AU is kept far from the aminoacylation active site. This unprecedented mechanism explains why just a small difference in the sequence (the single base pair at positions 3 and 70) results in the specific selection of tRNA Ala , predominantly on the k cat level.
The AlaRSNtRNA
Ala complex structures
The crystal structure of the complex of A. fulgidus AlaRS, tRNA Ala , and an alanyl-adenylate analogue, 59-O-[N-(L-alanyl)sulfamoyl] adenosine (Ala-SA) 21 , was solved at 3.3 Å resolution (Fig. 1c-e and Extended Data Table 1 ). Furthermore, we determined the 3.5 Å -resolution structure of a non-reactive complex of AlaRS with a tRNA Ala variant possessing A3NU70 instead of G3NU70 (tRNA Ala /AU). In both structures, the crystallographic asymmetric unit contains one homodimer of A. fulgidus AlaRS, which is consistent with the results from gel-filtration chromatography of A. fulgidus AlaRS 22 and sedimentation equilibrium analyses of A. fulgidus and E. coli AlaRSs (ref. 23, Methods).
In both structures, AlaRS is composed of the aminoacylation, tRNArecognition, editing, and C-terminal domains, among which the latter three consist further of the Mid1/Mid2, b-barrel/editing-core, and helical/globular subdomains, respectively [24] [25] [26] [27] [28] [29] [30] [31] (Fig. 1c, d ). The C-terminal and editing domains constitute the dimer interface (Fig. 1d, e) . Both aminoacylation domains of the dimer bind Ala-SA, whereas only subunit A binds tRNA Ala using its tRNA-recognition and C-terminal domains. Isothermal titration calorimetry revealed that one AlaRS dimer binds one tRNA Ala with a K d value of 0.14 6 0.3 mM at 20 uC. Between the two subunits, the corresponding subdomains exhibit the same folds. However, the tRNA Ala -bound (subunit A) and tRNA Ala -free (subunit B) subunits are in the closed and open forms, respectively, because the Mid2 subdomain and the C-terminal domain are differently rearranged relative to the other (sub)domains (Fig. 1d , e and Extended Data Fig. 1a) . The canonical L-shaped structure of the tRNA is snugly embedded in a large cavity, formed by the closed-form subunit (Fig. 1d, e) . The aminoacylation domain of AlaRS adopts the typical class-II aminoacylationdomain fold 32, 33 , but the position of tRNA Ala relative to the fold is completely different from that conserved in all of the other class-II aaRSs ( Fig. 1f and Extended Data Fig. 2 ). The acceptor-T arm moiety of tRNA Ala interacts with the aminoacylation, tRNA-recognition, and C-terminal domains of AlaRS, whereas the anticodon is free of interactions (Fig. 1d, e) . A summary of the AlaRSNtRNA Ala interactions is provided in Extended Data Fig. 3a .
The G3NU70 pair exhibits the wobble geometry: G3 is shifted to the minor-groove side and the two bases are slightly rotated, as compared with the Watson-Crick geometry of A3NU70 (Figs 1a and 2a, b and Extended Data Fig. 4a, b) . These geometrical differences are also observed for the model RNA hairpins that recapitulate the tRNA Ala acceptor stem 34, 35 . Surprisingly, the two complexes further exhibit a drastic difference in the orientation of the 39-end CCA region (positions 74-76). The 39-CCA region of the wild-type tRNA Ala /GU extends towards the aminoacylation catalytic site, so that A76 can reach the bound Ala-SA molecule ( Fig. 2c and Extended Data Fig. 5a-c, g, h) . However, the entire 39-CCA region of tRNA Ala /AU folds back into a completely different site ( Fig. 2d and Extended Data Fig. 5d-h ), thus placing A76 at 20 Å away from the active site. This is an unprecedented mechanism for keeping the bound non-cognate tRNA molecule in a non-reactive state.
The acceptor armNAlaRS interactions
The minor-groove side of G3NU70 contacts the tip of the a14 helix from the Mid2 subdomain (Fig. 2a) . The 2-amino group of G3 may hydrogen bond with the side-chain carboxyl and main-chain carbonyl groups of Asp 450 (Fig. 2a) . The 29-hydroxyl group of U70 possibly hydrogen bonds with the main-chain carbonyl groups of Asp 450 and Tyr 449 and the amino group of Gly 453. The Asp 450 side chain may also interact with the 29-hydroxyl group of C71 (Extended Data Fig. 4d) . Overall, the TyrAsp-Ser-His-Gly region (positions 449-453) at the a14 tip fits snugly with the unique minor groove shape of G3NU70 and its adjacent base pairs, G2NC71, C4NG69, and U5NA68 ( Fig. 2a and Extended Data Fig. 4d-f) . The Tyr-Asp-Ser-His-Gly sequence is conserved as Tyr-(Asp/Glu)-(Ser/ Thr)-(His/Tyr)-Gly in other organisms (Extended Data Fig. 4i ). The 4-carbonyl oxygen atom of U70 on the major groove side is close to and may hydrogen bond with the side-chain amino group of Asn 359 (Fig. 2a) . Overall, the major-groove side from G1NC72 to G3NU70 is located near the helical loop on the N-terminal side of a11, which provides not only Asn 359 but also Gly 361 and Tyr 364 for interactions ( Fig. 2a and Extended Data Fig. 4c, d ). The base of the discriminator A73 is stacked on both C72 and G1, suggesting hydrogen bonding between A73 and Gly 361 (Extended Data Fig. 4g, h) . A similar stacking pattern of A73 with G1NC72 is also observed for the hairpin RNA model 34 . The three interacting residues are almost completely conserved in the AlaRSs from bacteria to humans (Extended Data Fig. 4i ).
In the AlaRSNtRNA Ala /AU complex, the acceptor-stem minor groove interacts with the a14 tip, and U in A3NU70 is positioned similarly to that in G3NU70. In contrast, A3 is significantly shifted upward towards the major groove side, and is therefore much farther from Asp 450, as compared with G3 in G3NU70 (Fig. 2a, b) . On the major groove side, the 4-carbonyl group of U70 is farther from the Asn 359 side chain, as the uracil base is rotated to pair with the upwardly shifted adenine base. If a GNC pair is substituted for A3NU70, then the 4-amino group of C70 might be more repulsive against Asn 359 than U70. Thus, the local geometry and the interaction manner of A3NU70 (and probably G3NC70) on both the minor and major groove sides are specifically distinct from those of G3NU70.
Geometry propagation from 3N70 to CCA
The local geometrical differences between G3NU70 and A3NU70 on both the minor and major groove sides propagate towards the 39-CCA region. 
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First, because A3NU70 is shifted as compared with G3NU70 and then G2NC71 and G1NC72 are moved together with it ( Fig. 3a) . These nucleotide movements reach the turning point at the 59-phosphate group of C74, and thus result in the drastic change in the direction of the polynucleotide backbone ( Fig. 5a-c) .
The reactive and non-reactive routes for the CCA region are separated by the 193 
GGG
195 region and Glu 220, and the CCA region is sterically hindered from shuttling between the two routes ( Fig. 3b-d Fig. 5j, k) , and its Gly substitution reportedly causes misaminoacylation of the G3NC70 variant of a model RNA 36 . The geometrical difference between G3NU70 and A3NU70 is smaller than the range of the positional flexibility of the single-stranded CCA region. Consequently, the tRNA selection mechanism directing the CCA region into either the reactive or non-reactive route requires precise positioning of the acceptor stem. The main mechanism is the firm clamping of the major and minor grooves of the acceptor stem by the Mid1 and Mid2 subdomains of AlaRS. First, both the major and minor grooves of the G1NC72, G2NC71, G3NU70 and C4NG69 pairs interact with a11 of Mid1 and a14 of Mid2, respectively (Fig. 4a) , whereas more interactions are formed with the 39-strand (residues 69-73) than the 59-strand of the acceptor stem (Extended Data Fig. 3a, b) . In the tRNA-free subunit B, a13 connecting Mid1 and Mid2 is kinked by ,18u, due to the 3 10 -like conformation around the conserved Gly 426 near the subdomain boundary ( Fig. 4c and Extended Data Fig. 1b, c) . In contrast, a13 is straight in the tRNA-bound subunit A, due to the change around Gly 426 from a 3 10 -like to a-helical conformation ( Fig. 4c and Extended Data Fig. 1b, c) . Accordingly, a14 and a15 of Mid2 are reoriented upon tRNA binding. This Mid2 reorientation enables Mid1 and Mid2 to snugly clamp the acceptor-stem base pairs (Fig. 4a) . In contrast, Mid1 a11 and Mid2 a14 directly contact each other in the tRNA-free subunit B (Fig. 4b) .
Concomitantly, the major groove of the acceptor stem is widened by the clamp, as compared with the model RNA hairpin structures 34,35 (Fig. 4d) and the canonical tRNA structures (Extended Data Fig. 6a-f) . If the major groove widening did not occur, then the major groove recognition would cause a serious clash of the G68 phosphate group with the editing core subdomain (Extended Data Fig. 6g ), and the CCA region could not enter the reactive (or non-reactive) route selectively (Fig. 4d) . Specifically, the conformations of the ribose-phosphate backbones of G3 and G69 are both changed from the gauche -/gauche 1 form, typical of the A-form RNA duplex, to the trans/trans form ( Fig. 4e and Extended Data Fig. 7) . The trans/trans conformation has been reported for G3, but not G69, in the NMR structure of the model RNA In addition to the Mid2 subdomain, the C-terminal domain is remarkably reoriented between the tRNA-bound and tRNA-free subunits (Fig. 4c and Extended Data Fig. 1 ). The globular subdomain of the C-terminal domain thereby interacts with the outer corner of the L-shaped tRNA molecule. The conserved Gly-rich segment (   870   KGSGGGR   876   ) 28,37 stacks on the G19NC56 tertiary base pair connecting the D and T loops (Extended Data Fig. 3c) . Thus, the C-terminal globular subdomain ('backrest') snugly holds the back of tRNA Ala , whereas the tRNA Ala acceptor stem sits on the tRNA recognition domain ('seat'). Furthermore, the long linker (residues 485-500) connecting the Mid2 and b-barrel subdomains ('safety belt') runs over the tRNA Ala acceptor stem, near the minor groove side of G2NC71 (Fig. 1e) . These features of the tRNA-embedding mechanism distinguish AlaRS from the other aaRSs, which bind tRNA on their convex surfaces (Fig. 1e and Extended Data Fig. 2 ).
In the non-reactive conformation of the CCA region of tRNA Ala /AU, A76 is likely to interact with A73 and the linker, which might stabilize the non-reactive orientation. On the other hand, tRNA Ala /AU in the nonreactive conformation hardly seems to dissociate from AlaRS, as the bulky CCA region should prevent the acceptor stem from going through the tunnel between the tRNA recognition domain and the linker (Fig. 2d and Extended Data Fig. 5e, f) .
These unique mechanisms for holding the tRNA seem to be required to place the base pair at position 3N70 in the precise recognition site.
Selection of tRNA Ala on the k cat level
By pre-steady state kinetics analyses using a quench flow apparatus, the k cat values of the A. fulgidus AlaRS dimer for tRNA Ala /GU and tRNA Ala / AU were determined to be 14.4 6 0.2 and 0.14 6 0.02 s
21
, respectively. Therefore, the strict tRNA discrimination is achieved by the 100-fold ). To interpret these observations, a simplified numerical simulation of the pre-steady state reactions of AlaRS for tRNA Ala /GU and tRNA Ala / AU was performed, on the assumption of a reaction scheme involving the non-reactive state in addition to the reactive state (Fig. 5a) . The simulated curves fit the observed data well (Fig. 5b, c) , when the reactive state was the major state for tRNA Ala /GU, but the amount of the reactive state was much smaller for tRNA Ala /AU. Here, product release is what limits Ala-tRNA Ala /AU, as it is trapped mostly in the non-reactive state (see Methods). The non-reactive state is most likely to correspond to the present structure of tRNA Ala /AU on AlaRS. Therefore, the strict tRNA selection dependent on k cat can be accomplished by this unprecedented mechanism with the reactive and non-reactive states.
Steady-state kinetics experiments ( Fig. 5d-h ) also revealed that the discrimination of tRNA Table 2 ). These drastic distinctions may correspond to the differences in the probability of adopting the reactive orientation of the CCA region. In addition, we tested k cat -level tRNA Ala /AU discrimination with human AlaRS. Strikingly, human tRNA Ala /AU binds to human AlaRS and competes with tRNA Ala /GU. Moreover, even in the presence of excess amounts of tRNA Ala /AU, the discrimination against human tRNA Ala /AU is ultimately via k cat (Extended Data Fig. 8) .
In contrast, the tRNA Ala -binding affinity of AlaRS is essentially the same between tRNA Ala /GU and tRNA Ala /WC, as it is mostly governed by various extensive interactions, such as firmly embedding the tRNA in the huge cavity and snugly clamping the acceptor stem. To examine how the snug clamping contributes to the tRNA selection, we mutated Asn 359 and Asp 450, which directly interact with G3NU70 (Fig. 2a) . The k cat /K M value of the N359A mutant for tRNA Ala /GU was 1.7-fold lower than that of the wild-type AlaRS. By contrast, the D450A mutation affected neither k cat nor K M (Extended Data Table 2 ), but remarkably increased the alanylation activity for tRNA Ala /WC (Fig. 5d-h and Extended Data Table 2 ). These enhanced activities of the D450A mutant are ascribed mostly to an increase in the k cat value (Extended Data Table 2 ). It is probable that the D450A mutant loosened the clamping of the 3N70 pair, and promoted the misorientation of the CCA region of tRNA Ala /WC towards the reactive route (Extended Data Fig. 5l) .
On the other hand, several mismatch base pairs in place of G3NU70 in an alanine suppressor tRNA reportedly cause aminoacylation by AlaRS in E. coli cells (GNA, CNA, and CNC are more active and UNU, CNU and ANC are less active), even though their activities are not as high as that of tRNA Ala /GU [40] [41] [42] . The effects of these mismatch base pairs may be analogous to those of the D450A mutation, which incorrectly guides the CCA region into the reactive route.
This unprecedented mechanism now provides an answer to the longstanding question of how a small number of nucleotides about 30 Å away from the catalytic site can predominantly determine the tRNA identity, particularly on the k cat level.
METHODS SUMMARY
The wild-type and mutant A. fulgidus AlaRSs were prepared by the method reported for AlaRS fragment preparation 22, 28 . AlaRS was co-crystallized with the wild-type or variant A. fulgidus tRNA Ala transcript prepared in vitro with T7 RNA polymerase. The X-ray data were collected at the Photon Factory and SPring-8. The initial phases were determined by the molecular replacement method, using the coordinates of the N-and C-terminal fragments of A. fulgidus AlaRS (PDB IDs: 2ZTG and 2ZVF, respectively), and Saccharomyces cerevisiae tRNA Asp (PDB ID: 1IL2) 32 as search models. The refinement converged to R and R free factors of 25.0% and 28.9%, respectively. Aminoacylation activities were measured by scintillation counting of the radioactive product from L-[ 
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